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PREFACE 
In March 13, 1957 the writer contacted Mr. Joe L. Mogg, Edward E. 
Johnsen, Inc. St. Paul, Minnesota, seeking his advice fo::.· a thesis subject 
at the level of the Master's Degree. 
Later on Mr. Mogg .replied suggesting that the writer could work on 
' 
investigating a method for gravel pla~ement in water wells with the least 
amount of segregation. He showed that segregation is a problem facing the 
water weil~ industry in the ~.outhwest,. of the United States., and The Sahara. 
He offered to provide th~ material,and the e'quipment,proposing building a 
model well and conducting the experimental ~ork at their plant in St. Paul. 
On May 2;, Mr. Bently approved the offer, and on .the 27th of the 
same month the writer le:f't to St. Paul, Minnesota. By the second week of 
June the rate of fall measuring apparatus (Plate 2), was completed. In a 
two weeks period the ten experiments of the rate of fall of the gravel part-
icles and other eight _experiment~ that are not included in this p~pe~ were 
conducted. 
By the first week of July the model well was built. The three experi-
ments on the rate of fall of the gravel par~icles took about a week. The 
gravel placement experiments required the rest of the summer. It took more . 
than a week to dismantel the model well for extracting the gravel sections 
a:f'ter each test and then reassemble it again for the next test. Working 
over the roof was dangerous. Transfering all the materials plus insta~ling· 
a pump and its connections over there took a considerale amount of time. 
By the end of the ~ummer all the ~xperimental data was collected. The 
writing and discussing the results . were- made during the fall of 1957. More 
tweleve experiments were not required in this paper so they were mailed back 
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".The objective ot this study is to find an economical method for 
gravel placement in water wells with the least amount of segregation" 
What is!. gravel pack, and why is it used? 
The me.in function o£ a water well is to give the required amounts of 
water for irrigation, domestic use, or whatever its purpose may be. This 
requires the use of large screen openings. Large screen openings are poss~ 
ible to have whenever the formation is of coarse structure, but if the form-
ation material was fine . large screen openings cannot be done; and it presents 
a problem. As a solution to this pr0blem the idea of having another screen 
of coarse gravel particles adjacent to the screen was adopted. Using this 
sc:~~en~f.,~~veL.large screen 0penings, were possible, and ample quantities of 
water were pumped. 
This idea started fi:f'ty years ago in Kansas and Arkansas, where large 
'I 
quantities 'of water were need~d for the r1ce 'induia,try, ;·and it proved to be 
I 
successful. 
This soreen of gravel is called gravel pack, 'arid sometimes is referred 
to as II gravel envelope•, "gravel treatment•, • gravel filter" ·'or similar terms. 
Its main function is to increase the specific yield of the well by allowing 
the use of large screen ope~ings. 
A:f'ter this introduction about the gravel pack and its use, the reader 
should know about its design as an aid to the gravel placement study. 
1 
The Design .2! !l Grav~l Pack 
To design a gravel pack the following po~ts should be cosidered: 
(A) Iba: ~ t .Q!. the _grav.el p;:cl/ 
,.; 
2 
There are -two 'types of gravel .pa.cksa - the uniform grain-size pack,and 
the grad90: grain-size PEt,ok. The l.Dliform grain-size pack is composed of a 
. ' 
uniform grain size, and the graded grain-aize pack is composed of d ,iff erent 
sizes graded according to a designed curve or certain ratios of each size. 
' r :' ~ • ' • 
Each -of th;se packs has its advant,,Je, and disadvantages. T~e ~eau 
' of Reclamation in .its laboratory tests on protective filters for hydraulic 
structures ~ound that the major differences ~etween the uniform 'grain-size 
pack and the graded 'grain-size' pack are:, 
(1) The uniform grain-size pack has practically no segregation during its 
placement while the graded grain-size pack gives a segregated pack. 
(2) There is practically no- settlement, · or a very negligible amount, dur:1,ng 
ope,;atipns using the uniform grain-size pack. 
( 5) Under <t;he same conditions the capacity ~f the uniform grain-siz, pack is 
• 
· greater than the graded g.ra.in-size pack. 
These points show that the uniform grain-size pack has many advantages, 
b'ut its aok of availability is its great disadV4!ltage, _meanwhile,segregat-
ion is the drawback for using the graded grain-size pack. 
Several studies have been made concerning the structure of the gravel 
pack and the act¥&! conditions of the formation in which it will be placed. . . 
The studies made by the Bureau of Reclamation recommended that the grain 
size (ratio of 50% size .of the pack to SO% size of the formation material) 
must be bet.een 5 and 10. 
The Soil Conservation .Service of the u. s. Department of Agriculture 
found a very little sand movements with the ratios of 5.6 to 8.75 fox· the 
5 
coarse formatio~ material, and ratios of .5.8 to 6.4 for the fine formation 
material.. 
The U. s. Waterways kperiment Station concluded that a fine material will 
not wash through a .filter material-. if the 15% size of the filter material 
i~ less thim five .times as .large as .the .BS% of .the base material. They 
reaffirmed .. this. conclusionin .their .field laboratory investigations of the 
design criteria of wa:ter ·wella. 
,' ' 
(C) The tb1ckneas or the gra.vel pack 
About 15 years ago K. E. HilL of CQllege .of Mining, . University of 
California investigated the thickness of the gravel envelope that is required 
to produce .a .successful. screen. • . Assuming that the gravel of the proper grain 
size is used,, .a .Uniform thickness .of as-little as i an inch around the screen 
proved to be sufficient • . Obviously the placement of a gravel envelope only 
i an inch thick is not practical. in. the . cons,truction of , well. However, it 
can be concluded ,that a .pa.ck .can be as tbin as it is practical to put in place 
under job condi.tions. __ More often job conditions recommended a minimum pack 
, , 
thickness of about tbree inches. 
* Studies .made .by .Mr. Gall'ton, .School of Agricultural Engineering, Oklahoma 
State University, inclicated .tbat .increasing the paQk thickness from 511 to 611 
will increase .the yield .by 9% only,while it will cost about tbree times more. . ' 
Hence the -idea~of using .a thick :grav~l pack .shouid be aba.ildoned forever; " ... .. .. 
(*) Unpublished paper. 
(D) ~ permeability _.Q!: ~ - grav~ ~ 
The pack should have a higher permeability than t he formation. Studies 
proved"that if the pack ~s 20 times more permeable than the formation then 
the resistance to flow would be negligible • 
. The criteria used by Eqward E. Johnson, Inc. result in gradings that are 
50 to 100 times more permeable than the formation. High permeability is made 
by using a low uniformity coefficiento 
(E) 'Terms used in describing lll!Si mg gravel 
4 
Correct descriptions of sand and gravel sizes are important. The ·following 
gradings cover most sands and gravels, and describe their sizes in terms ordinar-
ly used by engineers, well drillers, and others interested in these things. 
Slot size in inches 
Coarse gravel, average diameter ........................... 0.187.5 and up. 
Medium gravel, " II ........................... 0.187 .5 to 0.000 
Fine gravel, " " ........................... 0.000 to 0.040 
Coarse sand, " II ............. ' ............. 0.040 to 0.020 
Medium sand, " " ......................... -·• 0.020 to 0.010 
Fine sand, II " ............................. 0.010' to o._004 
Very fine sand, II ........................... 0.004 to 0.002 -" 
Silt, " " ........................... 0.002 and. finer ~--....--·-
5 
lethods ·2l. .Plaqement of A Gfa.vel.. Pack, 
It was notic.ed . that ~ gravel pa.eked wells failed, due to sand pumping 
,or being clogged., al though the pa.ck was well designed. Analysis of the pa.ck 
' . ~ 
after settlement showed .that .the coars~ . par~icles <were accumulated at the 
bottom while fine ones remained at ,the_top, which means that the pa.ck was 
segregated as shown in Figure -(1) o 
Pack segr1agation was referred to the method of placement, and research 
was .needed to find .a proper aethod for gravel placement .that .gtves t~ least 
aaouut .of segregation. 
The objective of this st~ is . now uuderstandable, it .ia, to fin!i a 
method .for .gravel plaoeaent that giv:es .a. pa.ck with the least apaouut of 
segregation, which should be :in~sive or economical at the same time. 
Four .me~hods were .selected .to be tried experimen:tally and to find 
which one will give the least uaouut .of' segregation., They are: 
(1) .The bailing method 
(2) The tremie aethod 
(3) The pump method 
(4) The package .method · ...... -. :r - . -· ;;...., 
( . 
A segregated pack with the coarse particles 
at the boP~om and tlie fine ones 
at the -top. 
6 
OH,\ PTER J: J: 
REVIEW OF LITERATURE 
A study of gravel placemei:it is n_ot a s~udy of settlement. It is true 
. ~ ,,.. :t, 
that settlement is closley relat.ed to gravel placement ' but each one forms a 
separate subject. It is quite enough for the study of gravel placement to 
knew how a .particle will beha.ve while settling and the factors affecting it.s 
yl, 
,i.. .... 
rate of fall • · 
. 
It should be ~erste<i>d that it. is out of the scope of this paper to 
.. 
do .experiments or deriire relation1:1hips or equations for settlement. But due 
' 
to the relation· between settlement and gravel placement this chapter has been 
i. r 
written to review the ~ork done on settlement. 
Laws of Settlement , 
(A) Stokes' Law 
The classic formula for settling velocities is that made by Stokes ' 
which he developed in. 1851. He considered the particle to be falling under 
its weight and to be resisted ?Y the force of viscosity of the liqaid. 
Equating these 'twe forces he derived his formula that follows& 
6 'TT s r v = 4/-; 7T r' g (o·· ~, ~-{ 
or V = 2/9 (D - d) g .r 2/s 
where V = rate of fall in cm/sec. 
D = density of ·f~lling sphere 
d = density of the medium 
g • acceleration of gravity (980 cm/sec2) 
r = radius of falling sphere 
s = viscosity of the medium. 
7 
Several assumptions imderlie Stokes' Law, and it is important to consider 
them. These assumptions are: 
(1) The particle must be-spherical, smooth and rigid, and there should be 
no slipping between it and the medium. 
(2) The medium should be considered homogenous in comparison to the size 
of the paricle. 
(5) The particle should fall a.s it would in a medium of ,mlimited extent. 
(4) A constant rate of fall must have been reached. 
(5) The settling velocity must not be too great. 
Assumption (1) is satisfied- to the extent that the particles are 
wetted by the .liquids ,commonly used, and .no slip betlreen any of tllem 
happens. But the condition that the particle be a sphere is the least 
satisfied and it introduces several difficulties since no gravel particle 
is a .perfect sphere. 
Experiments made 'by Schone, Hilgard, ,Owens1 .ltterberg, Boswell and 
Richard .showed a :f."airly close agreement between the values computed by 
Stokes• Law and their .experimental data until a diameter of o.os mm. 
8 
Hence Stokes• Law was .practically limited to particles of o.os mm • . diameter 
or less. 
Assumption (2) merely states that .the distance between the molecules 
of the fluid must be small compared with the size of the particle, which is 
fully satisfied in general. 
Assumpti on (5) is concerned with the change in rate of fall due to the 
nearness of t he liquid oo~tain~r wall .to the particle. Lorentz studied the 
case of a. parti cle faJJ1ng para.llel .to a plain wall. His studies turnished 
the f·ollowing f acts a 
9 
(1) The effect of wall nearness is to reduce the rate of fall. This reduction 
is greater the nearer the particle is to the wall, until it reaches at a 
certain distance after which there will be no effect. 
(2) The effect of the wall nearness varies with the size of the particle. 
Ludenburg approached the problem from the point of a sphere of radius 
(r) settling in a cylinder of radius (R). Experiments made by Arnold accord-
ing to Ludenburg idea showed that the rate of fall is not affected unless 
when the radius of the particle equals 1/10 the radius of the cylinder. 
Assumption (4) states that the constant rate of fall must be reached. 
Weyssenhoff computed an equation that proved that for la particle of 0.05 mm. 
only a distance of 0.003 mm. is required to achieve constant velocity. Hence 
this assumption needs no consideration. 
Assumption (5) provides that the motion should be slow. This restrict-
ion is ma.de on Stokes• law because he did not consider the drag forces that 
affect particles falling at high speeds. These forces are considered in the 
formula made by Rubey in 1933 .J that follows. 
(B) Rubey 1s Formula 
In 1933 Rubey derived a general formula that agreed with the observed 
rates of fall over a wider range than Stokes I law. He considered the forces 
acting on the particle to be the sum of the viscous resistance and the impact 
of the fluid. Equating this sum to the weight of the particle he derived the 
formula known by his name and that follows a 
4/3 1r r3 (D - d) g ,.. 6 7rr s v + r 2 v2 d 
- 1/2 
or v = (~/3 g d (D - d) r3 + 9 s2 + 3 s) /d ~r 
(Symbols have the same significance as in Stokes' law) 
10 
Figure (1) adopted from Rupey 1s papers shows the gradual transmition between 
the range of' viscous resistance and the fluid impact. The hea-vy line agrees 
with the settling velocities for quartz and galena as were observed and Ru.bey's 
calculated figures. 
(0) Wadell 1s Work 
The most recent work on settling velocities has been made by Wadell. 
He opened a ne·w approach to the problem ) by examining the functional re lat- . 
ionship between the coefficient of resistance (C) and Reynold's number (R). 
The coefficient of resistance -is defined by equa~ing the force producing 
motion to a sphere to the force resisting its motion expressed as a coef:f'ic-
ient of resistance times the dynamic preasure acting on the cross-sectional 
X 2 2 
area of' the sphere, i.e. 4/; 1T r.1 (D - d) g = 0 7T r v d/2 
. 2 
or C = 8/; g (D - d) r/d v 
Reynol~b number is defined in terms of the sphere radius, its velocity, its 
density, and the viscosity of the liquid, or , R = 2 r D/s it is a dimens'ion-
less figure. 
Wadell plotted a number of' settling velocit·ies and the radii of the 
settling particles in terms of Rand O with Ras a~issa & C as ordinate on 
log-log paper•-. From these graphS he developed an emperical formula for s_et-
tling velocities, which not only extended the rate of settling velocities 
to much larger diameters but also enabled him to elucidate the influence of 
the shape of' the partj,cle. Wadell wrote his formula in terms of' a corre.ction 
to be applied to Stokes' law, which is: 
o.69897 
R = r (l + 0.08 (2 r v· d /s) 
where R = the actual radius 
r = th~ radius according to Stokes• law 
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Plotting Stokes• law, Rubey 1 s formula, and Wadell 1 s emperical formula 
on the R - C curve shown in Figure (2) we notice: 
(1) Stokes• law agrees with the emperical formula only till the values of 
R = 0.2 which is a very low value. 
12 
(2) Rubey 1s formula agrees with the same formula til+ the values of a= 10; 
(?) Beyond 105 the curve shows an abrupt change in shape due to the attack 
of the turbulence flow in the bounaarylayer at the front of the sphere. 
Shape Factor 
The shape of' the· gravel particles make them not applicable to the 
previous laws. To find the effect of a particle shape on its .rate of fall 
the following shape factor form has been developed: 
Shape Factor (s. F.) = c/a b 
where c = longest axis · of the particle 
b = intermediate axis 
c = shortest axis of the mutually 
perpendicular axes of' the particle. 
It should be understood that this shape factor relates only three of' the 
multitude number of' dimensions of' the particle. There may be rounded, rough, 
smooth, or angular :particles of' the same shape :f'actor. 
There are other ..shap·e factors .based on roundness, spherity, or other phsic.i. 
al o__~acteristices of' the particle but they do not adequately define its 
shape f or hyd:raulic studies. This shape :f'actor is the best for the studies of 
rat e of f all since a & bare the most important dinlensions that form the 
pr ojected. area of the particle ·which affects the drag force. Curves are 
available for Reynold 1s number (R) against the drag coeffecient (0) for the 
dif fer ent sh.ape factors. 
The Behavior of ~ Settlii:ig Particles and the Mechanics £f ~ Fluid 
If a body moves thro'llgh a fluid or a particle falls in it, the fluid will be 
accelerated from places of higher pressure to places of lower pressure. This 
acceleration is such t .hat where the pre ssure is high the velocity is low and 
vice versa. The mathematical equation for this relation is: 
2 
P + 1/2 d v = H 
where P = static pressure 
v = liquid velocity 
d = liquid density 
H = total head 
If the velocity of the particle is high enough it will cause much press-
ure reduction forming a vortex around it 1s zone. In case of a group of part-
icles settling at the same time each one will have a vortex tail for itself. 
The interference of these vorticis will change their rate of fall. 
This pattern of motio~ has been analyzed by van Karman. He made a conclu-
sion that the relative spacing in two directions (shown in Figure;) is relat-
-1 . r;:;-ed by the relationship a/b = l/7T cosh v 2 = 0.2801. He also obtained an 
equation for the system velocity V, which is V = I/b y'lr'" where V = the 
velocity of the vortex, I = vortex intensity, and b = the longtudinal .spacing 
between the parti~le and its· neighboring one. The values of V were found to 
be smaller than the particle velocity, hence the vortex velocity is smaller 
than the pe.rticl e velocity. 
This anal ysis explains how a' particle will fall in case of a batch of 
gravel being placed at a time and how the rate of fall of each particle will 
be r educed if their vortices interfered. This is more evidenced in the case 
of a very deep well. 
I 
CHAPTER III 
SETTLEMENT OF GRAVEL PARTICLES BEING 
PLACED INDIVIDUALLY 
QbJective 
Gravel particles are .not .. spherie&l in shape. Their size is defined by 
the size of' the sieve opening,e.g • .;,a particle of 0.525 11 size means that it 
I ' 
can be retained on .a sieve of 0~525" opening. But this size is not the 
only dimenston of' the particle. 
Moreover the particle~ be Slllooth, rough, or of any surface condition, 
angular ,rolmd or of any irregular shape. Also a batch defined by one sieve 
size will .contain particles that are larger than this size, and smaller 
than the preceding sieve size. These particles .will have different specific 
weights. 
This shows that gravel particles vary from spheres in nominal dimension, 
shape., surface condition, and . specific weight. 
The best approach to study the settlement of .the gravel particles is to 
find a .coetfioient that covers all these variations. This coefficient can 
be found -by two ways, either ba.ving a special coeffi~ient for each particular 
particle or having an . average . co.etf'i ~ient tor each group of particles of. 
one av.ergae .size. The first way .is impossible;but the second can be aehieved 
by f inding t he avera,ge .rate of tall of' a group ot particles of one average 
size. This coef'fioient will be called the particle coefficient (P. C.). 
The objective of this chapter is to study the settlement of the gravel 
particles and relate the results to the settlement of the spheres through 
t he particle coefficient. 
14 
15 
Procedures & Apparatus 
The apparatus used consisted of a plastic tube 5 S/4" dia.me.ter and 50' 
long as shown in Plate (2). At the top of the tube there was fixed a hopper-
like mechanism that could be opened and closed by a string at the level of 
the tube bottom. This arrangment was .made for accurate vision of the partial~ 
- j • 
at. its ,.final settling point, as well a.s dropping the particle at the same tim~ 
ot starting the stop watch. The appar,-tw, was kept perpendicular by a •wr 
balance . (Plate S); it RS al.so well set up such that it does not shake and , 
cause turbule.nce to the fluid. 
Procedure1:1 for r,mn1ng the experiment were : 
(1) The sample was obtained troa different parts all over the country, thus 
it included .all.kinds of .rocks, shapes, and surface conditions. To limit 
the variation in size the average .size between each two successive sieves 
was considered as followsa 
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Leveling the settling apparatus 
before conducting the test 
17 
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(2) Ten particles of each size were placed ·through the hopper-like mechanism. 
In case of large particles one was placed at a time, but in case of small 
or fine ones ~.group was placed at a time. 
(3) Time taken by each particle until it reached the bottom of the tube was 
mea~urea: by .the stop watoh. In case of fine partiolee,when a group was 
-placed at a . time., ·an average reading n.s taken. 
(4) From the time taken by each particle of the ten particles of each size 
the average time taken by a particle of this size w~s found. 
(5) The average rate of fall was found by dividing the tube length by the 
average time. 
(6) A curve was made between the average rate of fall and the average particle 
size~ Also a table was made giving the maximum and the minimum values of 
the rate of tall. 
19 
Experimental Data 
Average Size ~tic le Average Size Particle 




in seconds 5.00 rough & white 5.20 rowd,sniall granite 
n " " 4.00 smooth; g,;~ & white 4.20 yellow porous sand stone 
" n n 3.80 porous and red 5.70 flat,rough & gray 
" 11 ti 5.60 gray and flat 5.20 sma.11,rough & black 
n n " 4.00 fle. t and white 5.00 rough quartz 
ti n It 2.ao group of particles 2.80 round & black 
" It II 2.40 granite stone 3.20 black & flat 
" t1 ti 2.40 gray and rowd 5.20 black & flat 
II It II 2.20 smooth and round 3.40 flat, r ound & red 
II II It 2.20 smooth,red,& ro.m.d 5.00 group of particles 
Total time 50.40 seconds 52,90 seconds 
Average time 5.04 seconds 5.29 seconds 
Average rate 16.50 inches/sec. 15.20 inches/ sec. 
of fall 






Time in seconds 4.00 small & round 
11 ti II 
II II fl 
n 11 n 
II 11 
11 a " 
II II II 
II n " 
II II II 














flat & black 
round & black 
rough granite 
round granite 
small round & black 
round & black 
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Experimental. ~ (cont.) 
Average Size Particle Average Size Particle 
(inches) Description (inches) Description 
0.15a o.n2 
Time in seconds ,.~o arbitrary group 5.60 arbitrary group 
II II II ,.10 " ti 5.60 II II 
II " ti 5.00 II " s.oo II II 
n II " 4.40 II II s.ao ti II 
" II n 4.50 n n s.so II II 
n II II ,.ao II '' 5.40 II II 
n II II 
•· 20 
II " 5.50 II 11 
n II 11 4.50 " II ,.10 ti II 
• II II 4.50 '' II s.ao II II 
II II II s.oo II II s.so 
Total time 45.00 seconds 54.SO seconds 
Average time ,.so, seconds 5.45 seconds 
Aver.ge rate n.20 inches/sec. 9.30 inches/sec. 
of fall 
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ExperiJJ,nt:A.] !51' (cont,) 
Average Size Particle Average Size Particle 
(inches) Description (inches) Description 
0.079 o.oss 
Time in seconds 6.20 arbitrary group 6.60 arbitrary group 
II n II 6.00 11 n 7.00 II II 
II n " 6.00 It " 7.40 II II 
II n II s.ao " II 6.60 II II 
" II II 6.00 " II 1.00 II ti 
n II n 6.60 n " 7.20 II II 
II It II s.20 n II 7.80 II " 
n 11 It s.so 11 " s.oo II n 
• II II 6.00 II n 6.00 II II 
II II " 6.00 II II s.so II II 
Total time 59.SO seconds 69.10 seconds 
Average time 5.9S seconds 6.91 seconds 
Average rate a.,o inches/sec. 7.30 inches/sec. 
ot fall 
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Experimental ~ (cont,) 
Average Size Particle Average .Size Particle 
(inches) Description (inches) Description 
o.°'o 0.02a 
Time in seconds 10.00 arbitrary group 12.70 arbitrary group 
It n It 10.00 II II 15.00 " II 
II II II 10.70 II II 15.20 II n 
.. " II 9.70 II II JA.60 II n 
" It " 9.70 It n 12.60 II " 
It II ti 9.,o " II 15.00 II It 
It II II 10.00 n It 12.20 II II 
II II II 10.00 II II 12.ao " " 
" n II 9.80 II " 12.60 II II 
" II II 9.40 II II 12.eo II " 
Total time 98.50 seconds 124.50 seconds 
Average time 9.85 seconds 12.45 seconds 
Average rate s.10 inches/sec. 4.00 inches/sec. 
of fall 
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Results & Conclusion ____ ,_ - ----
The following table gives the maximum and the minimum values of the rate 
of fall of each &rave.1 particle used. 
Aver. Size Size Range Aver. Rate Rate of Fall Range 
(inches) Max. Min. Difference of fall. Max. Min. Difference 
(A) o.6,7 0.725 - 0.525 = 0.175 16.5 22.7 - 12.5 = 10.2 
o.448 0.525 - o.;71 = 0.154 15.2 18.0 - 11.9 = 6.1 
o.;17 0.,11 - 0.26, = 0.108 1,.2 18.6 - 8.35 = 9.25 
0.224 0.26:; - 0.185 = 0.078 12.8 16.0 - 10.7 = 5.; 
(B) 0.158 0.185 - 0.1:;1 C 0.054 11.8 11.9 - 10.0 = 1.9 
0.112 0.1:;1 - 0.09; = o.o,a 9.; 10.6 - 8.6 = 2.0 
0.079 0.09; - 0.065 = 0;028 8~4 9~ 6 - 7,.6 -= 2~0 
0.055 0.065 ~ q.o46 = 0.019 1., 9.1 - 6.25= 2.85 
(o) o.o4o 0.046 - o.a,, = 0_01, 5.1 5.; - 4.65 = 0.65 
0.028 o.c;; - 0.02:; = 0.010 4.o 4.1 - 3.42 = o.88 
From the above table we find: 
(1) The difference between the maximum and the minimum values of the rate of 
fall increases as the difference between the maximum and the minimum 
values of the particle size increases and vice versa. 
(2) The rate of fall of the particle increases by increasing its diameter. 
The relation between them is a log relation as shown on the semi-log 
curve Figure (4) which is drawn to the exact equation of a straight line 
as foll ows: 
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The equation for a straight line is Y = m x + B. Assuming t he velocity 
(V) to be represented on the Y-axis and the diameter (D) on the X~axist hence 
the equation can be written V = log D m + B. 
Substituting for V and log D by the values given in the previous table; 
(D) V = log D m 
( o.6,7) 16.; = (9.804 - 10) m 
(o.448) 15.2 = (9.652 - 10) m 
(o.;17) 1;.2 = (9.501 - 10) m 
(0.224) 12.8 = (9.;50 - 10) m 
(0.158) 11.8 = (9.198 - 10) m 
Adding 69.5 = (47.505 - 50) m 
Hence we have the two equations: 
and 
+ B (D) V = log D m 
+ B ; (0.112) 9.; = (9.048 - 10) m 
+ B . (0.079) 8.4 = (8.897 - 10) m I 
+ B (0.055) 7.; = (8.74o - 10) m 
+ B (o.o4o) 5.1 = (8.602 - 10) m 
+ B . (0.028) 4.o = (8.447 - 10) m I 
+ B: ;4.1 = (4;.7;4 - 5o)m 
69.50 = (47.505 - 50) m + B 
;4.10 = (43.754 - 50) m + B 
Subtracting (2) from (1) hence: 35.4 (3.771) m 
Substituting in (1) hence 1. 
or m = (;5.40/3.771) = 9,387 
or 
69.50 = (47.505 - 50) X 9.387 + 5 B 
= (2;.4206) + 5 B 
B = 18.584 
hence 
+ B. 
+ B • 
+ B • 
+ B. 
+ B. 
+ B • 
+ B • 
(1) 
(1) 
Substituting in equation (1) by the values. of m and B for D = 0.5 and D = 0.05 l 
where log 0.5 = (8.699 - 10) = - 1.;01 and log 0.05 = (9.699 - 10) = - 0._301 
hence V, = - 1.;01 x 9.;87 + 18.584 = 15.664 
l. 
a nd V2 = - C.)01 X 9.387 + 18.584 = 6.364 
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Drawing the straight line joining Vi & v2 we f ind t hat it passes through 
the points already plotted for the values of V & D, Fi gur e (4) , which represent 
the results taken from the experiment made. Hence this st raight line represents 
the relation between the particle diameter and i ts rate of fall. 
Since the rate of fall considered was the average for a wide variety of 
particles, its values cover the different shapes, surface conditions, specific 
weights, and sizes variations. It shows that the rate of fall of a gravel part-
icle increases by increasing its size. 
Plotting the same ralation between V & Don log-log paper we get the 
' 
curve shown in Figure(5) , 
Comparing Figure (5) with Figure (1) which gives the relation between 
the sphere diameter (D) and its rate of fall (V) we find that for t he same 
range of sizes 0.6)7• to 0.028n - shown by two circled dots in Fi gure (1)-
this relation is represented by a straight line in Figure (1) and by a curve 
in Figure (5). This curvature of Figure (5) i s expected due t o t he variation 
of the gravel particles from the spheres. But it indicates that t he gravel 
particles do not obey settling laws for spheres, .. although the rate of fall of 
a gravel particle increases by increasing its size. 
Since the shape factor covers the variation in the shape of the part-
icle only another factor is needed to cover all t he variations together. 
Using the values of the rate of fall o{ a gravel particle and a sphere both 
of the same size another factor can be developed that relates and covers all 
t he variations. This factor will be called the particle factor, it i s defined 
as the ratio of the rate of fall of the gravel particle (V) to t he r ate of fall 
of s. spher e of the same. size (V') i.e Particle Factor (P. F.) = V/V'. Both 
values of V and V1 should be taken under the same conditions of temperature 





















The particle factor can give the r ate of fall of any gr avel particle if 
the rate of fall of a sphere of the same size was known. An attempt was made 
to find the numerical values of the particle factor of the particles used in 
this experiment but the actual values of the rate of fall of spheres of the 
same size were not available. 
Oonclusion 
nGravel paricles do not obey the settling laws of spheres, but the rate 
of fall of a gravel particle increases by increasing its diameter and 
vice versa. The relation between .the rate of fall of the gravel 
particle and its diameter is a log relation." 
CHAPTER IV 
SETTLEMENT OF A SYSTEM OF GRAVEL PARTICLES 
Objective 
In Chapter III the behavior of individual particles while settling was 
discussed, but when a .system of particles settle at a time their behtvior 
will be different ... From the analysis made by Karman (page 15) we find that 
the particles have to be apart by a certain distance given by the ratio 
a/b = 0.2801 in order that no interference will happen between themo This 
ratio can not be maintained .. during settling . ot gravel particles. Moreover, 
the graded .pack is composed of different sizes, and not only that each size 
' 
has a different N.te of fallibut also for the same size there is a wide range 
of rates as shc?wn in .Chapter III, page 24:. 
For these differences of the settlement of a group of particles from the 
' ·. ·- ,.. 
setiilement of a single particle this chapter has been made to show the effect 
of certain factors on the rate of fall of a system of particles • ., At the same 
time it will give a full picture of the settlement of the system. 
Procedures & Apparatus 
The model well shown in Plate 4 was usedo It consisted of a tube 6 11 
internal diameter and 20 1 high, with a transp~rant plastic tube 5 5/411 diam-
et er in its middle for vision and ta.king pictureso The bottom consisted of 
a steel tube witll a. piston inside that was .operated upwards by a hand pump 
for extracting the sample in sections in case. of gravel placement tests 
discribed :i.n the next chapter .. For measuring the rate of fall in these 
experiments the stop watch was used. The fall distance was the end of the 
plasti c tube o . 
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Three experiments were conducted -ea.oh for a different purpose as follows: 
Experiment No o ill 
The purpose of this .. experiment is to find the effect of the particle 
size on the rate of fall of a system of particleso 
Experiment Noa fil 
This experiment was made __ to find the effect of the batch size on the --
rate of fallo 
Experiment !i2,o ill 
lJ1 order to find h~ a batch will settle if its particles were held 
together by an adhering fluido 
Experiment No 9 fil 
Sample Preparing 
A batch was prepared with .minimum weight of large size particles and 
maximum of the small size ones .. according . to the following table: ~ 
. . ' 
Particle Size ·Weight Cl.pnula.tive Weight Retained Weight 
(inches) (lbs·) (lbs) (%) 
00525 Oo25 Oo25 lo50 
Oa571 OoSO Oa75 4o55 
Oo265 0!>75 lo50 9o00 
Ool58 laOO 2o50 15000 
00151 lo25 5o75 22060 
00095 lo SO 5o25 51000 
0~650 lo75 7o00 42050 
0 0046 2o00 9o00 54050 
00053 2.25 11025 68.50 
00250 2o50 15075 85.;50 









The Model Well 
• 
Experimental 15a 
The batch iras divided into three equal parts and ea.ch part was placed 
.separa~ • . The time at which each particle - that specifies a certain size-
reached· the end .of the pl&atic tube was measured. Pictures were taken for 
. ' 
the settlaant of each aha. The readings are shoa iD the following tablet 
First Test 














large sizes OILl¥ 
seccmd size of 
the large sizes 
medium sizes 
mixture of sizes 
mixture ot sizes . 
-
mixture of sizes 
fine sizes 























aeoond size of 8 
the large sizes 
medium sizes 10 
mixture of sizes 16 
a JI 
mixture of aisea 20 
II 
mixture of sizes 27 
fine sizes 50 
ti " 40 
• " 50 





second size of 
the large sizes 
ledium sizes 
mixture of sizes 
mixture of sizes 






Pictures taken ,are shown in Plates s, 6, 7, a, 9, & 10. 
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Plate (5) 
First appeareuce of the large size particles 
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Pl.ate (6) 
Large size particles while settling 
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Plate (7) 
Se"1am~t o(lled!.111 ~• partiol.es 








The appearence of the Jllixtul'e 





The mixture while settlirlg 
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Plate -(10) 
The settlement of the fine particles. 
4o 
Observations 
From the pictures taken ,and the data collected we observe the following: 
(1) Large size particles traveled faster than a.ny (Plates 5 & 6) 
(2) There were. no particles observed in the tube between the 7th and the 10th 
seconds .• ~uddenly .at the lSth .second a mixture of particles appeared 
in a variety of sizes as shown in Plate (8)., 
(5) This mixture continued for 15 seconds,ioeo,until· the 501.h second as shown 
in Plate (9) o 
(4) By the 50th second .fine particles were found. only in the tube as shown in 
... 
Plate (lo) -'an.d .they continued. for another 50 seoonds,i.,e., ,till the 60th 
secondo 
(5) The silt continued dripping for 50 seconds,i.,e.,,until the 90th secondo 
Results! Conolusion 
(1) If a pack .was. formed such that it .contained .a. small percentage of large 
size particles they will settle faster than any and form a coarse layer 
at the bottomo 
(2) Fine particles al~s settle at ,a slow rate an.~ remain at the top., . 
(5) The pack that will give the .best mixing is that one composed of medium 
sizes only., Their rates .of fall are close an.d they mix with each other 
before reaching the bottom., 
From these .1esults the tollowing conclusion can. be made: 
"The pack that is composed. .. ,of 'medium size particles, or particles whose 
sizes are close to each.other, will give the least amount of segregation 
iee o a pa .. ok whose structure is close to the uniform pac~ structure will 
. give the least amount of segregation., 11 
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Experiment No(2) 
Sample Preparing~ Procedures 
The samplE,_ was prepared with equal wei~h.ts of each size according to the 
following table: 
Particle Size Weight Ou.mulative Weight Retained Percentage 
(inches) (grms) (grms) (%) 
0.525 500 500 11 
Oe371 · 500 1000 22 
0.263 500 1500 3; 
0.1~; 500 2000 44 
0.1;1 500 2500 55 
0.09; 500 ;ooo 66 
0.066 500 ;500 77 
0.046 500 4000 88 
o.o;; 500 4500 100 
The samp~e was well mixed then divided by the mechanical separator to 
multiple portions i.e. 1/2,_ 1/4, 1/8, & 1/16 or weights of : 
4500/2 = 2250 , 4500/4 =1125, 4500/8 = 562, and 4500/16 = 281 where 
all weights are in grams. 
Each group was washed, cleaned and dried before the test~ 
Each batch was placed in the model well separately. 
Time was measured whenever each size reached the end of the plastic tube. 
Pictures were taken for the settlement of the last group (281 grams)e 
They a .' ·;~ s ho"m i n Plates 11, 12, 1;, 14, 15, & 16 with the explanation of e.ach 
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Experimental Data 
B.atch.Noo (1) (281 grms) Batch No., (2) (562 grms) .. 
Time ;Particle Time, Particle 
(secs) Description (secs) Description 
5 large sizes 7 large sizes 
10 large sizes 
-- 10 large sizes 
15 medium .sizes 15 large and medium sizes 
17 large and medium sizes 
20 medium sizes mixed with 20 fine, large, & medium 
large 'sizes sizes mixed together 
25 fine particles and a 25 fine particles and a 
mixture of sizes together mixture of sizes together 
55 fine particles 55 fine particles 
46 silt (last drips) 46 silt (last drips) 
-
Batch Noo (5) (ll25 grms} Batch N~., (4) (2250 grms) 
7 .. 5 large -·sizes 8 large sizes 
12 _ .. _large and medium sizes 10 large and medium sizes 
-· 
15 large and m~dium sizes 14 medium and mixture of siz es 
20 fine, medium and large sizes 17 fine, ·medi~ and large · I 
mixed togethe1 sizes mixed togethe r 
26 fine particles 25 fine particles 
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Plate (11) 
.) . . . 
Settlement of large s.ize particles .. 




Plate (12) • 
~~e size particles after t he start of settling 





Settlement of medium size particles 
(Notiqe that there was no large size particles) 
Plate (14) 
Medium size i>articles at the end of their settling stage 







Settlement og the mixture of the particles 
(Notice tbe .suspension of the fine particles) 
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Plate (16) 
Last drips of silt 
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Ob§ervations 
From the experimental data taken, we find: 
(1) The time for settlement taken by large size partioles was delayed by the 
increase in the volume(!)£. the batch as shown by the following table: 
For the .batch .of 281 grams large size particles took 5 seconds to settle. 
II II II 11 562 II It II II 7 II II II 
• II II . a 1125 fl II n II II 7o5 II It II 
II II II II 2250 II It II II II 8 II It It 
(2) The medium· size particles ·moved faster and took shorter time to settle by 
increasing the size of the .batch a.s shom by the following table: 
For the batch of 281 grams at the 15th second medium sizes appeared alone. 
II It " Ii 562 II II II 15th second, .. medium sizes appeared mixeci 
with large. size onesr. 
Ii Ii Ii II U25 II " It 12th II .; .. II n It u 
II II n "2250 II It II 10th II II II II II II ti 
(5) Fine particles also moved faster by increasing the size of the batch as 
shown by the following table; 
For the batch of 281 grams fine particles appeared after 25 seconds 
Ii II II II 562 II II II fl II 20 II 
II II II II 1125 It II " " II 20 II 
'' II II II 2250 II II II II II 17 II .. 
(4) Another important observation is that rapid mixing between the particles 
can be done by increasing the size of the batch as shown below: 
Vlhen the batch was 281 grams the three sizes mixed after 20 seconds 
,; ii II It 562 II II II II II ii 17 II 
l ! II II "1125 II II II II II II 15 II 
!I II It 11 2250 " II II II II II 14 II 
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Results & Conclusion 
(1) Increasing the size of the batch will delay the rate of fa.11 of the large 
size particles and accelerate the medium and the fine oneso 
(2) The relation between batch size and rate of fall is not a direct relation 
ioeo .doubling the rate of fall can not· be done by doubling the batch size, 
or using a half of the size of the batch. 
(5) Faster mixing .can be obtained by increasing the size of the batch. 
As a general conclusion it ~ be stated that: 
''The larger the size of the batch the faster and t he better the 
particles .will mix together, and consequently the less the amount 
of segregation" 
SUMMARY 
The previous two experiments show two important points concerning the 
structure and the size of the batch,i.eo, 
(1) The pack should be composed of medium size particles and the closer the 
sizes are to each other the better results could be obtained. 
(2) Large and fine particles in one pack should be avoided by a.11 me&1so 
(5) The batch .taken from the pack to be poured into the well should be as 




Sample Preparing~ Procedres 
The sample was prepared by mixing equal amounts of each size of the sizes 
from o.525 11 to 0.016 11 throughly with a. high viscosity oilo 
The mixture was placed from the the opening of the model well while it 
wa~ empty, because the oil used was soluble in water. Hence the settling 
medi~ can be considered the atmoshperic a.iro 
After settlement the sample was extracted and examined under the micro-
scopeo 
Observations 
(1) Sizes of 0..-571 11 or larger were not adhered to the rest of t4e group, 
or even well adhered to ea.ch othero 
(2) Sizes of 00265" or less were well adhered togethero 
(3) The smaller the size of the particle the better it was adhered to the 
other particles. 
(4) Angular or rough particles even those of large sizes were more adhered 
to the group than smooth or round oneso 
.Rasul ts & Conclusion 
A sample can be placed with the least amount of segregation by the use 
of a. strong adhering fluid under the following conditions: 
(1) The adhering force of the fluid should be greater than the water force 
resistance or the drag forceo 
(2) The pack should be composed of medium size particles preferably rough 
and angular oneso 
(3) The fluid should be easy to extract,after settlement,by the surging 
operationo 
CHAPTER V 
EXPARIMENTAL 'WORK TO FIND A METHOD FOR GRAVEL PLACEMENT 
IN WATER WELLS WITH THE LEAST AMOUNT OF SEGREGATION 
Four .method.a have . been selected for experimental work i.e. the bailing , 
I 
the tremie, the pump, and the package methods. The bailing method is the one 
first known, while the tremie metho~ has been recently introduced, but both 
the puiil.p and the package methods are under research considerations & have 
been selected by Edward E. Johnson, Inc. 
Each of these methods will be tried experimentaly , and they wi ll be compar-
ed with each other from the point of segregation i.e. which one will give the 
least amount of segregation. 
Procedures~ Apparatus 
The model well shown in plate (4) was used. Each method was tried accord-
ing to its specific procedures. 
One sampl~ was used for the four methods. I:t. was composed of the part-
icles between o.o;;n and 0.1851 size. The structure was formed according t o a 
. . 
symmetrical curve joining the two points of 5% over the minimum size and '5fo 
below the maximum size, so that the sizes of o.o;;• and 0.1851 are both includ-
ed in the pack. The curve was symmetrically divided by the line of 5o% retain-
~d size· i . e~ the l ower half of the curve was symmetrical to the upper half as 
shotm :i.n Figure ( 6). 
The sample was well mixed by the mechanical mixing machin_e, washed by 
t ha wa.sl"i..i..ng machine , then dried before each test. 
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Sample sent in by ... 
Town 
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After each test had been completed t he gravel c~lumn was extracted in 
sections about two inches thick. Each section was dried, anal yzed and its 
sand analysis curves ·were drawn. 
(A) ~ Bailing Method 
According to this method gravel has to be placed by being poured through 
the well opening and permitted to travel freely .till it r eaches the bottom. 
The same procedure was foll9wed in this experiment, and pict ures were 
taken while gravel was settling. 
pbservations ~ Remarks While Running The Test 
1 - The sample was divided into two buckets and each bucket was placed 
after the other. 
2 - Time record was as follows: 
Time in seconds 
0 
7 










L'l.l'ge si ze parti cl es 
A gap with no particles in the tube 
Large size particles with mixtur e of 
different sizes. 
Medium and fine size particles . 
Mixture of particles . 
Fine particl es. 
Fine particles. 
Silt appears 
Silt settles completely~ 
5 - Total time taken was 60 seconds. 
l+ - There was a gap of time between the placement of the two buckets~ 
5 - Temerature was 80 degrees Fah. 
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Experimental~ 
After the sample was fully settled in the model well it was extracted in 
sections about 2" each. Each section was dried and the sand analysis data. was 
collected then the rsults were reported in the given table (page 56). , 
.i .. , From this table the sand analysis curves were drawn in Figures 7, 
8, 9, & 10. 
Figure (7) shows the structure of the upper group. It shows that it is much 
deviated fro~ the origin, which means that this group is much 
segregated in its structure. 
Figure (8) shows the structure of the central group. It shows thl;lt it is less 
segregated than the upper group. 
Figure($) shows the structure of the bottom group. It shows that it is of 
h h .. * coarser structure tan t e origin. 
Figure (10) shows a co~parison between the upper, the central, and the bottom 
groups. It indicates that the central group is the least segregat-
ed one. 
Pictures taken are shown in Plates 17, 18, 19, & 20 pages 58 & 59. 
Plate (17) shows how large size particles were settling faster than any. 
Plate (18) shows how the mixture included a variety of particles~ 
Plate (19) shows the turbulence that happened while pouring t he next bucket~ 
Notice the interference of the large particles of the next bucket 
into th~ _fine particles of the preceding bucket. , The dim part .in 
the picture is due to the silt distw.;-bence. 
Plat,":'., (2 ) shows t he sample after settlement. Notice the accumulation of the 
fine particles at the top and the coarse ones at the bottom~ 
!i~.:<.m.lts: 11 The above pictures and sand analysis cur~ves prove that the bailing 
method produces a segregated pack: 
(* ) The word or i gin refers to the the' sand analysis curve of the original 
sampl e, gi ven in Figure (6) 
' · . 
-.. ~ 
Sieve Analysis Results of The Bailing Method 
Sieve Size 
Section Depth 0.185 0.131 0. 093 0.065 0.046 o.o;; 0.023 UNC Number 
Cumulative Per C~nt Retained 
(%) (%) (%) (%) (%) (%) (%) 
1st l" 0.001 0.955 5.35 12.3 24.8 41.0 1)8.o l.6 
. 
2nd 3" 0.05 2.50 16.5 -;7.5 60.0 73.5 97.0 2.5 
";;rd 5" 0.055 o. 80 -;1.5 55.0 74 .o 84.o 98.0 
4th 7" 0.06 17 .o 49.0 - 72.0 87.0 94 .o 99.0 2.07 
5th 911 4.20 28.0 63.5 83.0 92. 5 96.0 99 .0 2.34 
> 
6th 11 n 5.3 27.5 65.5 83.5 93.5 97.5 99.5 -
7th 12 11 4.1 28.0 65.0 83.5 93.0 96.0 99.0 
8th 1311 4.0 26.0 63.0 82.5 92.0 95.5 99.5 -
9th 15" 6.55 32.8 70.0 86.o 93.0 96.0 99.0 1.55 
10th 17" 5.2 , ;.o 78.0 86.o 9;.o 97.0 99.0 -
11th 19• 6.15 32.8 - 71.0 87.0 95.0 97.0 99.0 
12th 21 11 5.9 32.5 71.0 88.0 94.5 97.5 99.0 
13th 22" 7.0 35.6 7;.5 89.0 95.0 97.5 99 .5 1.97 
14th 23" 7.0 ;4.o 7;.o 89.0 95.0 97.5 99.5 
15th 25" 4.5 29.0 70.0 88.0 95.0 98 .0 99.5 1.77 
16th - 27" 4 .• 9 ,7.5 77 .o 92.0 97.5 99.0 99.7 1.98 




,? l ti 6.1 ,5.5 74.o 90.0 96.0 98.6 99.7 - -
19.t~ I .33'' 5.1 ;1.0 1;.o 89.0 97.0 98.0 100.0 l.9 I I 
I 
20th ! z ,· 11 7.0 ;8.2 77.0 91.5 97.0 99.0 100.0 i ./ ) 
21st 
I ;ti 6.6 25.0 82.5 95.0 98.5 99.5 100.0 1.51 l l ! 
22nd 3911 9.5 21.5 89.0 96.0 98.5 99.0 100.0 1.;1 
Origin 5.0 }0.0 65.5 84.o 92.0 95.0 100.0 2.36 
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(B) The Tremie Method 
According to this method gravel has to be placed t hrough a pipe that would 
be suspended in the well within the requiredheight of the pack. The idea i s to 
control the gravel during its settlement within the pipe cross-section~ · 
Procedures _! Ap~aratus 
The same procedures as menti(med before were followed. The model well 
was used and a 111 internal diameter pipe with ,a funnel at its top was used as a 
tremie pipe. The sample used in the bailing method was used but in one bucket. 
Observations and Remarks While Running~ Test 
1 - The 1" diameter pipe proved to be small. It got clogged and had to 
be cleaned frequently. 
2 - Total time taken was 8 .5 minutes. 
; -Temp.erature was 88 degrees Fah~ 
Experimental Data 
After complete settlement the s.ample was extracted by t he usual way 'in 
sections of two inches each. ~ach section was dried, sieved, and anal yzed.The 
table page {66 ) gives t he sieve analysis' data, and t he sand analysis curves 
are given in figures 11, 12, 1;, & 14~ 
Figures 11, 12 , & 1; give the sand analysis curves for t he upper~ t he cent ral, 
and the bottom groups. Figure 14 compares the three groups t o each other~ 
Results & Conclusion 
(i) The central group is the less segregated group. 
( 2) The t hree groups do not follow the standard pattern, i.e. t he fine particl es 
e_t i::.he t op and the coarse ones at the bottom~ There was a remarkable ratio 
of th£, f'i ne particles at the bottom and another of t he coarse particles at 
the top , this may be due to the cloggi ng of t he pi pe . 
(3) The general shape of t he curves show t hat there is less segregation t han 
i n the case of the bailing method. 
66 
Sieve Analysis Results of The Tremie Method 
Section Sieve-Size ... 
Number Depth -0.185 0.1;1 0.09; 0.065 0.046 o.o;, 0.02; UNO 
Cumulative Per Cent Retained 
1st 2a 2.0 25.6 64.o 72.0 92.0 96.0 99.0 2.;7 
- 1 
2nd ' 4a 6.o 45.4 80.5 84.0 94.o 97.,0 99.0 2.;o -
}rd 6· ;.5 31.4 67.5 74._0 9lo0 96.0 99.0 
4th 8" 4.1 ;1.6 67.0 75.0 91.5 96.0 99.0 2.1; 
' 
5th 11• 4.5 29.0 67.0 76.0 9;.5 97.5 99.0 2.,?0 
6th 1;" 5.g5 41.4 76.0 82.0 96.0 98.0 99 .• 0 2.00 
I 
7th ~5•, ;.10 27.6 64.o 70.0 88.0 9;.o 98.5 ;.;o 
I 
8th 17" ;,5 ;1.0 64.o 70.0 87.0 92.0 99.0 
' 9th 2411 5.05 25.4 62.5 70.0 87.0 92.0 99.0 2.70 
i 
10th 261 6.7 26.0 61.0 69.0 88,0 9;.5 99.0 2.85 
11th 28" 5.1 27.0 62.5 69.0 80.0 94.o 99.0 
12th :;o• 5.; 24.5 59.0 67.p 88.o 94.o 99.0 
-
l}th ;2" ;.; 22.0 58.0 65.0 87.0 95.0 99.0 2.70 
14th ;4• 7.8 2;.o 61.0 71.0 92.5 97.5 99.0 2.4o 
\. 
15th ;6a 7.9 ;2.5 80.0 87.0 98o0 99.5 99o5 1.70 
Origin ;o.o 84.o 92.0 100.0 2~$6 
I 
L ____ ,.__ --~-------------------------
( *) UNO = Uniformity Coeffici.ent, 
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(0) The Pump Method 
For this method gravel has to placed by being pumped through a pipe till 
it reaches the bottom of the well. Pumping rate should be greater than the 
falling rate of the partic~e, and the tube should be always continously full 
of gravel without any interruption during pouring. 
Procedures! Apparatus 
The model well was used. Gravel was placed through a funnel that was 
connected to a pipe that was about one foot above the bottom of the well. The 
pipe was joined by a 90 degrees elbow to the pump discharge pipe~ It was also 
hooked up by a rope & a pulley and was pulled up gradually while gravel was 
pumped into the well. The pumping rate was 5 gallons each 55 seconds, that 
amounts to 5 x 60 = 8.6 gallons per minuteo The pipe was 1• diameter hence 
;5 . 
its cross-section area equals 0.785 inches2• 
2 
=_~.6 x 0.1605 x (12) = 42 inches/second. 
0.785 X 1.2 X 60 
Hence:water pu:mping rate 
The maximum rate of fall of the largest particle i;t this sample ~0.158 11 ) = 11.,9 
inches/second (from page (24) Chapter III). Consequently,the rate of fall of 
the pumped water is greater than the rate of fall of any particle in the sample, 
which is a condition for the use of the pump. 
Observations and Remarks While Running The Test 
· 1 - The gravel flow was smooth without any clogging. 
2 - Total time taken was 5 minutes only. 
:, - The rate of pouring the gravel was such that the tube was continous-
ly full of gravel without any interruption. 
Lt - The temperature was 86 degrees Fah. 
·~ 72 
Experimental Data 
According to the standard procedures the sample was extracted in sections 
about two inches each. Each section was dried, sieved, and analyzed as usual. 
The table in page .(7,) gives the sieve analysis data. 
Figures 15, 16, 17, & 18 give the sand analysis curves. 
Figures 15, 16, & 17 give the curves for the upper, t he central, and the bottom 
groups. 
Figure 18~gives a comparison between the three groups. It shows that the center-
al group is the least segregated one. 
Results§!: Conclusion 
(1) The structure of the central group is close to the structure of the origin-
al sample. 
(2) Comparing these curves with the corresponding ones of the bailing and the 
tremie methods we find that the gravel is less segregated than when either 
the bailing or the tremie method are used. 
From the above we can make a conclusion that the pump method gives a pack that 
is almost the same in its structure as the original sample. 
Sieve Analysis Results of The Pumping Method 
Sieve Size 
Section 0.185 O .1;1 . 0.093 0.065 0.046 0.0;3 0.025 
, . Depth Cumulative Per Cent Retained 
UNO 
Nulb.ber (%) (%) (%) (%) (%) (%) (%) 
, · 
1st 2• · ~ ;.7 26.0 62.? 69.0 88.0 9;.5 98.0 2.95 
2nd 4" 5.; 27.6 62.0 69.0 , 86.o - 91.5 98.0 3.12 
3rd 6" 7.1 ;7.0 74.o 81.0 95.0 99.0 100.0 2.14 
4t.h 9" 5.9 ;;.o 74.o 80.0 9;.5 . 97.0 100.0 
5th 10" · 6.8 4o.o 82.0 85.0 96.0 98.0 100.0 1.90 
6th 12" 5.2 26.8 10.0 76.0 92.5 97.5 100.0 2.21 - " , 
7th 14" 4.9 26.0 65.0 72.0 89.0 9;.o 97.0 2.61 
.. ., 
8th 16" 6.6 31.5 65.0 ' 72.5 87.0 92.0 98.0 
9th 181 7.1 . ;a.o 71.0 77.0 89.0 9;.5 99.0 
10th 20" 6.5 29.0 60.0 67.0 85.0 91.5 99.0 ;.10 
11th 21 • 4.o 22.0 58.0 66.o 86.9 9;.5 99.0 2. 75 
12th 2;n 4.2 25.0 59.0 67.5 88 .0 94.o 99.0 2.70 
I 
15th 24" 4.2 28.0 60.0 68.5 87.5 93.0 99.0 2.76 ,, . 
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(D) ~ Package Method 
The procedure for this method is to place the gravel in small shovelful's 
and give each shovelful enough time to settle before placing the next one. 
Procedures & Apparatus 
The model well was used. Before starting the test the time required for 
the complete settlement of one shovelful : was mea$ured. It was 45 seconds, 
and 55 seconds were allowed between each shovelful.-
Observations and Remarks While Running The Test 
1 - Time taken for pouring one shovel was 5 seconds. 
2 ··.:.·· Total time taken for completing the test was 22 minutes or 
1_320 seconds • 
.? ~ Temperature was 85 degrees Fah. 
Experimental ~ 
The table in page (79) gives the sieve analysis data. Figures 19, 20, 21 & 
22 give the sand analysis curves. 
~igures 19, 20, & 21 give the sand analysis curves for t he upper, the central, 
and the bottom groups. 
Figure 22, gives a comparison between the three groups. 
Results! Conclusion 
The above curves show that there was more segregation or deviation from 
t he origi nal curve in the upper group only. This means that the package method 
gi ves a pack t hat relatively has a small amount of segregation compared with 
the ot her methods. 
The final comparison showing which method is more acceptable is made in 
the detail.ed comparison that follows. 
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Sieve ~lysis Results of The Package Met~od 
Sieve .-.Size. , , · .-
Section 0.185 0.1;1 0.09; 0.065 0.-0.46 o.o;f 0.02; 
Depth UNO 
Number Oumulati ve Per · Cent · Retained .. 
(%) ,. (%) ' (,L} ,. (%): (~) (%) . (%) . 
' - · : 
~ - : ,.. \ 
1st 1• 2.70 20.0 5;.o 58.0 82.0 90.0 . -98.5 2.0:; - . 
2nd ;~, . 5.0 :;<,.Q_ 66.o 72.5 . ae.o 9;.o 99.6 f•91 ' 
Jrd 5.• 5.0 28.0 68;.o 99.0 86.o 9;.5 98.0 2.97 
'. r 
4th e• 6.6 ;5.0 71.5 78.o 91~0 96.0 99.0 2.46 
5th 10 11 4.9 25.0 59~0 67.0 84.o 90.0 98.0 ;.15 
6th 12• 5.05 27.0 64.o 72.0 90.0 95.0 99.0 2.;6 
-
7,ih 14• 4.7 26.0 6,.5 70.0 89!0 92.5 99.5 2.95 
8t_~· 17• 2.7 25.0 64.o 70.0 88.5 94.o 98.5 
--· . 
9th 19• 4.9 28.0 68.o 74~~ 90.0 95.0 99.0 
10th 21" 5.0 :;o.o 68 •. o 74.o 90.0 95.0 99.0 2.45 
llth . 241 6.2 ;4.o 72.5 78.o 92.0 96.5 99.0 2.;6 
-
12,ih 26" 6.1 ;5.0 75.0 80.0 9;.o 96.0 99.0 2.2 
l}th 28" 5.5 ;1.0 68.o 75.5 92.5 96.5 99.5 2.26 
14th :;o" 6.05 ,2.0 10.0 77.q 92.0 96.5 99.5 
15th ~-~ n~.6 ;9.0 7~,.5 71.5 92.5 96.0 99.0 2.28 
. 
,: , 
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Comparison Between The Four Methods 
The important consideration .for comparing these methods is to find which 
method gave the least amount of segregation. But there is no scale available 
for measuring the segregation. For this reason the following method has been 
developed. 
This method measures the difference betw~en the coarsest and finest part-
icles'.size from the size of the original .sample particle at 40% retained .size 
whioh equals the total amount of segregation. 
Hen.oe~total amount of segregation 
* = (D 4o coarsest~ D,4o origin)+ (D4o origin - D4o finest) 
The first part,(D,4o coarsest - D40 origin) measures the amount ·of segregation 
of the coarsest particles frcm the origin, and the second part which is 
(D4o origin~ D4o finest) measures the amount of segregation of the finest 
particles ·fromthe origin. 
Comparison Bet~een The Amount of Segregation Produced & Each. Method 
D4o origin= 120 thousands of an inch. 
(1) ~ Bailing Method 
D4ocoarsest = 1;5 th. of an in. D4o finest= ;5th. of an in. 
Amount of segregation= (1;5 - 120) + (120 - ;5) = 15 + 85 = 100 th. 
(2) The Tremie Method 
D4o coarsest = 1;8 t h. D4o finest= 110 th. 
Amount of segregation= (1;8 - 120) + (120 - 110) = 18 + 10 =28th. 
( ; ) Th.3. ~ Method 
D1, coarsest = 1'2 th. 
"+0 
D4o finest= 11; th. 
Amount of segregation = (1;2 - 120) + (120 - 11;) = 12 + 7 = 19th. 
(*) D4o = the diameter of' the particle at 40% retained size as measured on the 
· sand analysis curve. 
(4) The Package Method 
D4o coarse~t = 1,0 th. Diio finest= 108 th~ 
Amount of segregation= (1,0 - 120) + (120 - 108) = 10 + 12 =22th. 
Plotting the values of the amount of segregation against each method of gravel 
placement we get the curve shown in Figure (2;). This curve shows that the 
pump method gives the least amount of segregation, followed in orde:r:, by the 
package, the tremie, and th~ bailing methods. This proves that the pump 
method gives the best .pack structure. 
A segregation factor can be derived from the amount of segregation as 
follows : 
~he segregation factor is define~ as: 
D4o coarsest 
Segregation factor ( S. ,F. ) = ---· --- + D1io oridn 
D 4o origin 
D 4o finest 
The values ~f .the segregation factor for each method are: 
(1) The Bailing M~thod 
(2) The Tremie Method 
(;) The Pump Method 
(4) The Package Method 
s_. F. = 135 
120 
s. F. = ,138 
1·120 . 
S. F. = 122 
120 
s. F. = 130 
120 
+ 120 = 4.54 
35 
+ 120 = 2.24 
110 
~ ,i20 = 2.16 
n; 
+ 120 = 2.19 
108 . 
These values show again that the pump method gives the best pack structure. 
In order to find which method can best suit the practical purposes the amount of 
* segre_gation has been limited to 8% which in our case equals 120 x 8/100 = 9~6 th. 
(*) .Credit .for. .this·.· r.atio is given to 11!:~ . Mogg, Edward E~ Johnson, Inc.. 
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None of the above ~ethods gave this e.mount1 except in the case of the finest 
group of the pump method which gave (120 - 11; = 7th.) 
Conclusion 
The pump method gives the ;east amount of. segregation followed by the 
package, the tremie, an4 the bailing methods. 
But none of the above metho~s . . gave a pack struc'.f,ure that was within the 
limit of (8%). ror this r~a139n the writer puts the following t wo methods 
under cons;_deration for those interested in further research, or for practice. 
(1) j'b,,e . adhesion met~od given in Chapter IV, page 45~ 
(2) The container method: 
This method a.ims at transporting the gravel as it is designed to the 
bottom _of the well. The apparatus consists of a container which can be either 
of a cylinderical or a hollow shape. The hollow container;ahol-m in Figure 24.a.-
is to be used if there was not enough space between the screen and the casing., 
and the wall of the well .• In this case it can be let do,m through its hollow 
inside,around the casing. The bottom of the container is to be made in the 
form of a pivoted flap door operated by a rope from the top at the ground 
level. The whole container is to be suspended in the pulley of the rig. 
Gravel should not be poured into the container but it should be filled 
by the method s~own in Figure 24.b. 
The procedure} for operating this method is to fill the container with 
gravel and let the container down until it reaches the bottom of the well 
where the door is opened by loosening its rope to allow the gravel to flow 
to f orm the pack without any change in its structure. 
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Container 






Figure (24. a) A Hollow Container 
Figure (24) The Container Method 
CHAPTER VI 
ECONOMIC COMPARISON BETWEEN THE FOUR METHODS O·t GRAVEL .f~QJOO:N'? · 
·. : - . 
This economic comparison is made to find which method is less expensive 
consid,ring the amount of segre$ation that took place • 
. Since .the bailing method ~roved to be unsuccess:f'u.l, an1 gave a great 
amount 1of segregation, it will not . be considered in the. economical comparison. 
The pump, the tremie, and the 1>ackage methods are the only three methods that 
will bEI compared. 
Assume a well 12 inches diameter and 200 feet deep with a screen six ·. 
inches diameter and ten feet long. 
T!le required gravel pack thickness will be three inches, and its length 
will b.e about eleven feet. Hence the required volume of' gravel will be equal 
to 2 2 ; 7T x ( 12 - 6 ) X 11 111 6 .5 fi 
4 X 12 X 12 X 12 
(A) .'.!'.h!, Tremie Metho,d 
Required tremie pipe l~ngth 
Required tremie pipe diameter 
Pipe cost per foot 
Hence, Total pipe coat 
Estimated salvage value 
Estimated pipe lif'e 
Assuming a straight line depreciation, 
hence pipe cost per year 
= 200 feet 
=? inc~es 
= I 1.00 
= I 200.00 
= I 00.00 
= 15years 
= 200/15 = t 1;.,o 
To 'tittd the time required to pack this well it will be compared with the 
time taken to pack the model well by the same method, uiperiment, (B)-pa.ge,(65). ' 
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Hence 
Time taken in the experiment = 8.5 minutes 
Volume of the gravel ·packed 
Time required to pack the assumed well = 6.5 x 8.5 · = 
0.58 
Estimated time to place and extract the tremie pipe = 
90 
Total time required to complete the packing= 4 x 60 + 96 = ;56 mins. 
4 !, 
Estimated _ labor ' cost per hour 
Hence: Total labor · cost = (;56/60) x G ;.oo 
= t ;.oo 
= $ 17.80 
Assuming 50 wells to be drilled per year 
Hence Total cost per well= (1;.;/50) + 17.80 = 0.27 + 17.80 
(B) ~ Pump Method 
Assume the maximum size particles used to be 0.517•, hence from page (24) 
we find that the maximum rate of fall for this size is equal to 18.6 in/sec. 
2 - . 
Required pump discharge= (2) X 18.6 X 60 X 7 48 = 15.4 gal/min. 
4 X 12 X ,12 X 12 .· • 
Hence: 
Assuming efficiency = 0.75 
Hence: Actual discharge required=l5.4/o.75 = 20 gal/min. 
(2) 
Horse power required 2.27 h.p. 
Cost 0£ a pump complate with its derive engine and fittings=$ 180.70< 2) 
Estimated pump life = 8 years 
= 6%( ;) 
= lo% (;) 
Estimated repair and maintaince cost)(both as percent of 
) 
Estimated insurance and taxes cost ) the capital cost) 
Assuming a straight line depreciation and 50 wells per year 
Hence: ,Pump cost per well =_,180.7of.8 + 180.70 x (0.06 + o.10~ = $ 1.06 
50 
Pipe cost per well ( from the tremie method estimate) = I 0.27 
Hence : Total cost per well= ( 0.27 + 1.06) • 1.;; 
(1) From field observations 
(2 ) From an estimate from Felkins Floyd Plbg & Htg Comp. 
(5 ) From "Engineering Economy" by H. G. Thuesen. 
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T_o find the time required we shall compare it ·1fith the time taken in 






Time taken in the experiment 
Volume o;f gravel us!d in the experi,inent 
Volume ' of the gravel, c:d{ ·~1$·rf .. ssumed pack 
"" •. ! ' 
Estimated power rate in horae: power~hour 
Power Cost= (1.25 x 2.27) x 82.5/60 
Estimatod time required to place and extract the pipe 
i 
Estimated starting, preparing, and stopping time 
Total time= (4 + 1) + (82.5/60) 
Labor · rate per hour 
Total :lab.al" cost = 6.,r x t ;.oo 
Total cost per well = 19.11 + ;.96 + 1.;; 
(C) The Package Method , 
= 5 min•f 
= o.;94 ft; 
= 6.5 :rt; 
= t 1.25 
= t ;.96 
= 4 hrs. 
= 1 hr. 
= 6.;7 hrs. 
= ·• ;.oo 
= $ 19.11 
=. 2;.4o 
·-'time i's the only item involved it this method. ,, Comparing the time requir-
ed to pack the assumed amount of gravel by the time taken in· the experiment 
No.(n) page (78), we find: 
Time taken in the experiment = 22 mine. 
Volume of the pack used in the experiment = 0.5;6 ft; 
Hence: Total time required to complete the pack= (6.5 x 22)/0.5;6 = 266 mine. 
Total cost per well= (266/60 x t ;. ,,oo) 
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Results & Conclusion 
From the previous comparison we find that the pump method gives the 
lee.st amount of segregation while the cost estimate proves that it is expens~ 
ive. It also proves that the package method is cheap;meanwhil~ its segregat~ 
ion factor is close to that of the pump method. But the tremie method show-
ed to have a high segregation factor at an intermediate cost. This makes~the 
dee is ion on which method to use not an easy one. It requires a compromise 
between both the cost and the amount of segregation. 
The following table offers an economical comparison between them: 
Segregation Factor (S. F.) 
Cost per Well 













From the cost per segregation factor ratio we find that the package 
method is more economical. 
Since the package method takes a considerable amount of time the dominat-
ing factor will be the time, if the operation is required to be finished soon 
then the pump method is recommended1 but if time is not important the package 
method can be used. 
SUMMARY 
Methods of gravel placement can be arranged in the following order 
according to the amount of segregation produced by each method, starting 
by the method that gave the least amount of segregation: 
(1) The Pump Method. (Segregation Factor= 2.16) 
(2) The Package Method (s. F. = 2.19) 
(~) The Tremie Method (s. F. = 2.24) 
(4) The Bailing Method (S. F. = 4.56) 
The pump method is expensive to use, and the package method is less expens-
ive but it takes a considerable amount of time. 
Concerning the pack composition, it is recommended that the pack 
would be of medium size particles. Large and small size particles in the 
same pack, i.e • ., a wide r~ge of sizes, will produce a segregated pack. 
Concerning the process of placement, it is recommended to be contin-
ous and in ample quantities to keep the opening full with grave,l all the 
time. The larger the batch size the less the amount of segregation. 
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